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ABSTRACT

Cadherin is a cell adhesion protein that is significant in tissue formation. The
protein is comprised of an extracellular region, a transmembrane segment and a
cytoplasmic domain. The extracellular region contains five independently folded Pbarrel domains. They communicate with one another through calcium ions that bind at
the interface between each domain. Our laboratory is interested in characterizing the
interactions that the extracellular domains participate in. As a part of this overall goal,
analytical techniques must be developed to assess the size of the constmcts. This is
important for basic characterization of the recombinant proteins. Determining the change
in size is also critical since these extracellular domains form higher ordered structures in
vivo (dimer, tetramer, hexamer,...). Size exclusion chromatography(SEC)is a standard
method for characterizing the size of proteins. The molecular weight of five cadherin
constructs as determined experimentally using size exclusion chromatography(SEC) was
approximately twice that of the computed value. This is misleading given the tendency
for cadherin to dimerize in vivo. Alternatively, the SEC column was calibrated according
to the Stokes radius of the standard proteins. Using this revised standard curve, cadherin
constructs appeared to have Stokes’ radii very similar to that determined computationally
for these constructs using the program HYDROPRO. Thus, calibration of SEC columns
according to the Stokes’ radius showed that the cadherin constructs were monomeric with
sizes very similar to that predicted.

Ill

1

TABLE OF CONTENTS

Introduction

1

Materials and Methods

.9

Results and Discussion

15

Bibliography,

,27

FIGURE I

.3

FIGURE 2

.7

HGURE3

,8

FIGURE 4

13

HGURE5

,20

FIGURE 6

,24

TABLE 1

14

TABLE 2

16

TABLE 3

17

TABLE 4

18

TABLE 5

,22

TABLE 6

,25

IV

INTRODUCTION

Cell adhesion between like cells is the basis of solid tissue formation (7, 2). The
interactions between the cell’s adhesions proteins underlie its mechanical characteristics
(J). There

are

five different classes of cell-adhesion molecules: cadherins,

immunoglobulins, selectins, mucin-like and integrins (4). There are twelve known
members of the classical cadherin family (5, 6). Cadherins are calcium dependent
adhesion molecules that play a vital role in the development and organization of tissues.
The cadherin molecules have three major regions. There is an extracellular region that
mediates specific adhesion, a transmembrane domain that spans the cell membrane (5, 7),
and a cytoplasmic domain that extends into the cell cytoplasm {8, 9). The extracellular
region is critical for cell-cell binding. This region is made up of five independently
folded P-barrel domains, each containing approximately 100 amino acid residues. The
spacing between the individual extracellular domains is moderated by the binding of up
to three calcium ions at the interface between them {10, 11). According to electron
microscopic studies, the absence of calcium causes the extracellular domains to collapse
in structure; the presence of calcium extends the structure (72). Calcium is a required
component of cell adhesion of cadherins (9,13,14). These extracellular domains bind in
a homophilic pattern with another cell’s surface. Cadherins interact with identical
molecules in a homophilic manner. Thus, they act as both the receptor and the ligand.
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Maintenance of solid tissues is mainly due to the adheren junctions (2, 3). These
Junctions mediate specific cell-cell adhesion through calcium-dependent interactions with
identical cadherins on the outer surface of the same cell (ds-interactions) and on the
surface of neighboring cells (/rans-interactions) as illustrated in Figure 1 A.
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Figure 1:

Schematic of cadherin structure.

A.

Schematic of the structure of the

complete cadherin (~600 amino acids). Extracellular domains are numbered 1 though 5.
N designates the N-terminus.

The dark bar represents transmembrane region.

designates the C-terminal cytoplasmic domain.
extracellular domain.

2+

Up to 3 Ca

C

(●) bind between each

Cadherins protruding from one cell surface participate in parallel

or cis interactions (*), and antiparallel or trans interactions (x) with another cis pair from
a neighboring cell surface. {Adapted from (5))

B.

Schematic of a 2-domain construct

that has only the most extracellular domains (domains 1 and 2, refeired to as ECAD12)
isolated from the rest of the protein.

A cw-dimeric form of ECAD12 is shown.

This

construct is soluble and can be used to study the calcium binding properties and
homophilic association of cadherins.
region is

10 residues.

Each P-banel domain is -100 residues.

Linker

The surface involved in rra«5-interactions is represented by the

dark crescent. W2 (star) is the tryptophan in the second position in domain 1.
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Cadherins are crucial components of several physiological processes. In mouse
embryos, differential expression of cadherins has been shown critical to the development
of the nervous system, particularly during the formation of the neural tube and in the
unique architecture of the neural anatomy (75).

Also, cadherins are essential in the

differentiation and adhesion of placental cells during reproduction. In the process of
angiogenesis, the formation of new vascular tissue, cadherins’ interaction with vascular
endothelial growth factor receptor proteins has been shown to be significant (7<5).
Moreover, cadherins in cancer metastasis has been shown through their decreased
expression in metastatic cells (77-79).

Compromised adhesion allows breaching of

tissues by metastatic cells (77). Rapidly growing vascular tissue requires cadherinmediated adhesion during angiogenesis in the hypoxic tumor {20), Understanding the
mechanism of homophilic interactions amongst cadherins has implicative value within
numerous physiological fields.
Our laboratory studies the extracellular domains of cadherin, their calcium
binding properties, their stability and their assembly into dimers or higher order
structures. In particular we study extracellular domains 1 and 2 of epithelial cadherin.
These are the domains that are responsible for the cis- and trans- interactions {10, 11, 21,
22).

There is a crystal structure of the 2 domain construct, ECAD12, which is

represented schematically in Figure IB. Since these molecules dimerizes in vivo, it is
important to know their size under various solution conditions in order to assess their
dimerization state. Initial work in the characterization of domain 2(ECAD2) has recently
been published (25).
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In

the

purification

and

characterization

chromatography (SEC) is a standard technique.

of proteins,

size

exclusion

SEC is a form of column

chromatography in which molecules are separated based on their molecular mass or their
Stokes’ radius. The Stokes’ radius is the effective radius a molecule has as it tumbles
rapidly in solution. In other words a molecule that is more elongated in shape will have a
larger Stokes” radius than a molecule that is more spherical in shape.
In SEC the columns consist of a stationary phase and a mobile phase. The large
multifaceted beads in the column shown in Figure 2, represent the stationary phase. The
space between the beads is the void or interstitial volume, Vq. The space within the beads
is the internal volume, Vi. The mobile phase volume consists of all the space between
and within the beads, Vt. When a sample is applied to a column, the size of the molecule
dictates how much of the column it can explore. Thus, in SEC the larger molecules have
less volume to explore of the mobile phase, and will elute faster. Smaller molecules have
more volume to explore and will elute slower (Figure 2). The mobile and stationary
phase in SEC have chemical and physical properties that prevent, as much as possible,
any other interactions such as electrostatic or hydrophobic, that are not based on the size
of the protein.
To use this method, the chromatographic columns must be standardized with
proteins of known size. Proteins are chosen as standards because they are particularly
well behaved in SEC. That is, they migrate according to their size (molecular weight)
and are not retained on the stationary phase due to non-specific interactions (ionic or
hydrophobic).

Standard proteins are approximately spherical in shape so that their

molecular weight is proportional to their Stokes’ radius.
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The molecular weight of a protein alone is not adequate characterization because
shape plays a role in the apparent size and the apparent size may be affected by the
calcium ligation state.

When compared to proteins of equivalent molecular weight,

cadherins have larger apparent sizes than were expected. The apparent size makes them
appear to be dimeric rather than monomeric. Thus, cadherins’ irregular shape (prolate
ellipsoid; (//)) in Figure 3 leads to an overestimation of their molecular weight by
standard size exclusion chromatography.
This work explores the utility of calibrating size exclusion chromatography
methods according to the Stokes’ radius rather than the molecular weight. The Stokes’
radius for the various constructs of the extracellular domains of cadherin will be
determined experimentally and computationally. These studies are critical for accurate
interpretation of experimental studies to characterize these domains and their homophilic
interactions.
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Figure 2. Represents a column in SEC. The aiTOw is the flow of the sample. The red
dots and blue dots are samples of varying size. The red dots elute faster because they are
larger. The Vo is the space outside the white beads. The Vi is the space within the white
beads.
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Figure 3. This is a crystal structure of ECAD12(11). Domain 1 is one the left. Domain
2 is on the right. Sheet segments in each domain are colored red (a), orange (b), yellow
(d), green (d), blue (e), cyan (f), and magenta (g). The calcium ions are yellow spheres at
the interface between the two domains. Linker regions are colored black. Linker 2 is
unstructured and not apparent in the crystal structure.
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MATERIALS AND METHODS

Experimental Methods
Preparation ofcadherin constructs
Cad herin

constructs

were cloned into expression

vectors (pET42b) and

transformed into expression cell lines (BL21(DE3)) {24). Clones were sequenced to
confirm identity.

Recombinant proteins were overexpressed and purified by standard

chromatographic techniques. Purified proteins were characterized by mass spectrometry
to confirm their molecular weight. All agreed within +0.07% with the expected value
(data not shown, J.M. Rutherford thesis 2005). The boundaries of the cadherin contructs
were as follows (Figure 4): ECAD12, 1-219; ECAD2, 107-212; L1-ECAD2, 100-212;
ECAD-L2, 107-219; L1-ECAD-L2, 100-219.

Preparation ofcadherin samples in pH buffer.
The

2

domain

cadherin

constructs

were

prepared

by

making

solution

concentrations that ranged from 17.5 pM to 55 )liM in 140 mM NaCl and 10 mM HEPES
at pH 7.4 buffer solution.

The 2 domain cadherin contructs also were saturated with

calcium by the addition of 1 pi of a 1 M solution of CaCb to a 30 pM solution of each
cadherin construct. The concentration of the cadherin constructs was constructed such
that the area of the peaks in the chromatograms is in a similar range from sample to
sample.
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Gel Filtration (Size exclusion or gel permeation chromatography)
Size exclusion chromatography studies were conducted using a Superose 12
10/300 column at room temperature (Pharmacia). The column was equilibrated with at
least 3 columns volumes of buffer solution comprised of 140 mM NaCl and 10 mM
HEPES at pH 7.4. The protein elution profiles were monitored at 280 nm. The column
void volume (Vo) and entire liquid volume (VO were determined by the elution volumes
for blue dextran and acetone respectively. The proteins used to standardize the column
were cytochrome c (Sigma # C-2506), ovalbumin (Sigma #A-2512), a-chymotrypsin
Sigma #C-4129), a-chymotrypsinogen (Sigma #C-4879), a-lactalbumin (Sigma #L6010) and myoglobin (Sigma #M-1882). The standard proteins were prepared to make a
0.3 mg/ml solution using the buffer solution 140 mM NaCl and lOmM HEPES at pH 7.4.
Injections were approximately 100 pL into a 100 pi injection loop. The flow rate was 1
ml/min. The values reported are an average of three trial runs for each protein standard
and two trial runs for the cadherin constructs with and without calcium under identical
conditions. Elution volumes varied by ± 0.01 ml upon replicate injection.

Determination ofthe Partition Coejficient
The elution behavior of a macromolecule in a SEC column can be characterized
by its partition coefficient, which represents the fraction of solvent volume within the gel
matrix that is accessible to the macromolecule. The volume that a macromolecule elutes
from the column is known as the elution volume(Ve)and is given by

Ve =K +(T-y,

10

(1)

where Vq is the void volume which is the interstitial volume. This is the volume explored
by blue dextran. Vj is the internal volume that is accessible to the solvent inside the
beads. Thus, the elution volume (Ve) is the sum of the void volume and the fraction (a)
of the internal volume explored by the protein. Rearrangement of Eq. 1 gives the
expression for partition coefficient, a.

a =(Ve- Vo)/Vi

(2)

which ranges from 0-1. The internal volume, Vj, is the difference between the void
volume, Vo,(probed by a excluded molecule such as blue dextran) and the total solvent
volume, V, The total volume (Vt) is probed by using a small molecule such as acetone.
The internal volume is expressed mathematically below.

V,- =

(3)

Computational Method
Determination ofStokes’ radius
HYDROPRO is a computer program that consists of FORTRAN that computes the
hydrodynamic properties of biological macromolecules for which the three dimensional
structure is known (25). The program uses spherical beads of varying size that assemble
by either filling the space of the molecule or by covering its surface. This program
approximates the size of each atom in the structure and calculates a series of
hydrodynamic parameters based on the pdb (protein data bank) stmcture file.
HYDROPRO was used to determine the Stokes’ radius for all protein standards
(ovalbumin, myoglobin, a-chymotrypsin, a-chymotrypsinogen, a-lactalbumin and
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cytochrome c) as in Table 3 and for the cadherin constructs(Table 6). Table 1 shows an
example of the H YDROPRO input data file. Molecular weights were determined by the
summation of the amino acid composition by “Peptide Properties Calculator
(www.basic.nwu.edu/biotool/ProteinCalc.html).

12

Schematic of Extracellular Domains 1 and 2 of E-Cadherin
Domain 1

Linker 1

Linker 11

Domain 2

Domain 2

Domain 2

Linker 1

Domain 2

Domain 2

Figure 4. The cadherin constructs examined in the experiment. ECAD12 two contains
both domain 1 and 2 and linker 1 and 2. ECAD2 contains only contains domain 2. LlECAD contains domain 2 and linker 1. ECAD-L2 contains domain 2 and linker 2. LlECAD-L2 contains domain 2 and linkers 1 and 2.
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Table 1: HYDROPRO Input Parameters

MeCadl2
MeCad 12
Mecad 12.pdb
3.2,
6,
1.0,
2.0,
298.,
0.01,
-1,
-1,
1.0,
0,
0,
0,
0,
1
*

’Name of molecule
'.Name for output file
IStrucutural(PBD)file
!AER, radius of the atomic elements
INSIG
!Mini mum radius of beads in the shell(SIGMIN)
'.Maximum radius of beads in the shell(SIGMAX)
!T (temperature, K)
'.ETA (Viscosity of the solvent in poises)
!RM (Molecular weigth)
!Partial specific volume,cm3/g
ISolvent density, g/cm3
!Number of values of H
IHMAX
!Number of intervals for the distance distribution
!Number of trials for MC calculation of covolume
!IDIF=1 (yes) for full diffusion tensors
'.End of file
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RESULTS AND DISCUSSION

The HYDROPRO program provides hydrodynamic properties as listed in the
typical output file in Table 2. One can see that there are a number of parameters that are
derived by the HYDROPRO program.
The parameters relevant to the calculations presented here are as follows. The
molecular weight is calculated based on the amino acid sequence in the structure file. In
cases when there were multiple species in the structure file, all extra species were
removed to leave one protein species. Care was taken to puchase and analyze standards
that corresponded to the structure files. Values for viscosity, density of solutions, and
specific volume of protein impact values for other derived parameters. These values
were kept constant for the calculations. For each protein standard, the molecular weight
and Stokes’ radius are compiled in Table 3. Table 3 shows the Stokes’ radius and the
molecular weight of the protein standards are directly proportional.

15

Table 2: Typical Output File from HYDROPRO
This file;
Case;
Structural file;

MeCadl2.res
MeCadl2
Mecadl2.pdb

298.0 K
Temperature;
Solvent viscosity;
0.010 poise
24137. Da
Molecular weight;
0.731
cmVi
Partial specific volume;
Solvent density;
1.000 g/cm'
0.269
Bouyancy factor;
Radius of PHM elements;
3.2 A
Translational diffusion coefficient; 7.787E-07cm^/s
2.803E-07cm
Stokes’ (translational) radius;
2.880E-07
cm
Radius of gyration;
3
3.783E-20
cm
Volume (from filling model);
Rotational diffusion coefficient;
7.440E+06 s-1
4.162E-08S
Relaxation time (1);
2.905E-08 s
Relaxation time (2);
2.905E-08 s
Relaxation time (3);
1.524E-08 s
Relaxation time (4);
1.524E-08 s
Relaxation time (5);
Harm, mean relax.(correlation) time; 2.231E-08 s
Intrinsic viscosity;
6.314E+00 cmVg
Sedimentation coefficient;
2.038E+00 svedberg
Molecular weight was calculated from the sequence in PDB file
Partial specific volume was calculated from the sequence in PDB file
Longest distance ; 1.052E-06 cm
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Table 3; Characteristics of Protein Standards
Protein Standards

MW"
(Da)

Rs“
(cm)

Blue dextran

2x 10^

-ND-

Acetone

58

-ND-

Ovalbumin

42896

2.87 X 10

Cytochrome c

11804

1.87 X 10

Myoglobin

16936

2.154 X 10

a-chymotrypsinogen

25651

2.02 X 10

a-chymotrypsin

25669

2.39 X 10

a-lactalbumin

14170

2.36 X 10

I

●07

-07
-07

-07
-07
-07

" HYDROPRO; -ND- indicates that these values were not determined.

I

I
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Table 4; Characteristics of Protein Standards
Protein Standards

Partition Coefficient

a

Retention Volume’’
(ml)

Blue dextran

0

Acetone

1

7.44 ±0.11
19.44 ±0.04

Ovalbumin

0.4208 ± 0.0005

12.487 ±0.006

Cytochrome c

0.636 ± 0.003

15.073 ±0.032

Myoglobin

0.566 ±0.001

14.223 ±0.012

a-chymotrypsinogen

0.5939 ± 0.0005

14.563 ±0.006

a-chymotrypsin

0.581 ±0.001

14.403 ±0.015

a-lactalbumin

0.570 ± 0.003

14.280 ±0.030

“ Partition coefficient is defined in Eq 2.
Retention volume determined from SEC experiment.
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The elution volumes for each standard are shown in Table 4. For each standard, o
was calculated according to the Eq. 2 and 3. The retention volume was based on a column
that had a total bed volume of 24 ml. The excluded/void volume used was blue dextran
that had a retention volume less than any of the protein standards. Acetone had the
smallest molecular weight thus the largest retention volume.

Stokes’ radii were not

found for blue dextran and acetone because they defined the extrema Vo and Vi.
Lysozyme was retained on the SEC column as witnessed by an elution volume greater
than that for acetone and a partition coefficient greater than 1 (data not shown).
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4.6 log(MWt)vs.PartCoef
intercept = 5.75 ± 0.08
slope =-2.70 ±0.15

4.5 4.4 -

05
O

4.3 4.2 4.1 -

0.45

T
T
0.50
0.55
Partition Coefficient

0.60

Figure 5. The relationship between the partition coefficient and logMW gives a line.
The linear equation y = -2.70 ± 0.15x 4- 5.75 ± 0.08 was used to determine the molecular
weight of eadherin 12, cadherin2, cadherin2A, cadherin2B and cadherin2C. The partition
coefficient for each protein standard were found using equation 2. The values for the
partition coefficient are in Table 3.
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Experimentally, the partition coefficients determined from the standard proteins
were used as a calibration for the SEC column. The log of the molecular weight of the
protein standards was graphed versus the partition coefficients of the protein standards as
shown in Figure 5. The linear equation from the graph of the partition coefficient versus
the logMW in Figure 5 was used to determine the molecular weight of the ECAD12 and
ECAD2 for the size exclusion experiment as shown in Table 5.
There was substantial discrepancy in molecular weight of the cadherin constructs
between experimental value and actual value based on amino acid composition. The best
fit value from the experimental determination was -170% that of the actual molecular
weight. The lower confidence interval is still well above the actual molecular weight for
the species (125% of actual molecular weight). The discrepancy would lead one to
conclude that these cadherin constructs were dimers rather than monomers under the
solution conditions used here (calculated ratios ~ 2). Previous work from our laboratory
demonstrated that the ECAD2 construct is monomeric under these conditions (23).
Current work in the laboratory indicates that L1-ECAD2, ECAD-L2 and L1-ECAD-L2
are also monormeric (J. M. Ruttherford, thesis 2005)
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Table 5: Comparison of Actual and Experimental Molecular Weight Values
Actual MW"

Experimental MW“
(Da)
39,161 49.741

ECAD2

19,256 25.051

14.801

L1-ECAD2

19,864

ECAD2-L2

22,033 28.515

L1-ECAD2-L2

22,846 29.519

a.

(Da)

M).832

ECAD12

Calculated Ratio‘S

17.024

17.682

24,152

1.6

11,361

1.7

12,201

1.6

12,101

1.8

12,941

1.8

From SEC experiments using standard curve shown in Figure 4. Error in slope
and intercept were propagated to yield an asymmetric confidence interval for the
molecular weight(MW)of the cadherin constructs.

b.

Calculated molecular weight based on amino acid sequence.

c.

Ratio of experiential to actual value. A ratio of 2 would represent dimer.

i

I
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Given the inadequacy of the molecular weight calibration of SEC, the following
analysis is directed toward using the shape rather than the molecular weight when
calibrating SEC.

The Stokes' radius of the protein standards (Table 3) was graphed

versus the partition coefficient values (Table 4) as shown in Figure 6. This standard
curve was used to determine the experimental Stokes’ radius for the cadherin constructs
that arc reported in Table 6.
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Rs vs Part Coef
intercept = 4.86e-07 ± 1,4e-08
slope = -4.81 e-07 ± 2.5e-08

280x10 ^ E
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T
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T
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Figure 6. The relationship Ixnvvccn the partition coefficient and the Stokes’ radius gives a
-07

line. The linear equation y = -4.81 x 10

± 2.5 X 10'°*x

4.86 X 10 ®’ ± 1.4 x IQ-®*

was used to determine the Stokes’ radius of cadherinl2 and cadherin2. Stokes’ radius of
the protein standards were found using HYDROPRO. The values are in Table 3.
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Table 6; Comparison of Computational and Experimental Stokes’ Radius Values
Calculated Ratio‘S
Calculated Rs^
Experimental Rs
(cm)
(cm)
ECAD12

2.8 X 10

■07

ECAD2

2.0 X 10

-07

ECAD2A

2.04 X 10

ECAD2B

2.021 X 10

-07

ECAD2C

2.047 X 10

-07

a.

-07

2.8 X 10'"’ ± 1.8 X 10-“

1

2.2x 10-®’±2.0x10-®*

0.9

2.3x 10-®’±1.9x10
2.4 X 10-®^± 1.9 X 10

-08

-08

2.4 X 10-"V 1.9 X 10

-08

0.9
0.8
0.8

Experimental Rs value from SEC experiment. Based on the standard curve in
Figure 6.

b.

Value for Rs computed by the HYDROPRO from pdb structure file for each
construct.

c.

Ratio of calculated to experimental values. A value of 1 represents monomer.

25
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The cadherin shape characteristic was determined by the Stokes’ radius (Rs), the
effective radius of a molecule in solution.

The Stokes’ radius values acquired

experimentally and computationally were compared by ratio in Table 6. These results
indicate that the proteins were monomeric rather than dimeric. Thus, it is better to
calibrate based on the Stokes’ radius rather than the molecular weight in size exclusion

Concluding Remarks
Size exclusion chromatography is a useful method for determining the size of a
macro molecule.

The basis of standardization of the size exclusion chromatography

column is critical for obtaining accurate information about the size of an unknown
protein. Because of its prolate ellipsoid shape, cadherin appears to be dimeric rather than
monomeric when size exclusion is calibrated according to its molecular weight. To
obtain useful information from the size exclusion experiment when dealing with nonspherical macro molecules, the column must be calibrated based on the Stokes’ radius not
the molecular weight.
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